Abstract-Engineered nanoparticles (NPs) offer great application potential in various fields, for example the chemical industry, energy management or medical sciences. Nanoparticles are increasingly being incorporated into daily products. But what happens, if living organisms are exposed to those NPs? Their ability to move seemingly barrier-free in organic tissue could be both beneficial and harmful. Even though research concerning nanotoxicity has already begun, there are still many open questions to be addressed. In this report, we propose a computational model applying the steady-state Hodgkin-Huxley-equations and the Differential Evolution Algorithm for fitting the model to the data of patch-clamp measurements carried out by our group: Coated silvernanoparticles (Ag-Nano) in different concentrations were applied to single chromaffin cells while measuring the ionic currents in the whole-cell configuration. Compared to controls, significant differences in sodium-currents were observed after the application of NPs. Using the computational model, we could evaluate the parameters which model the change in behavior of neuronal cells due to the addition of Ag-Nano. This can ultimately give insight to underlying mechanisms. An integration to model the dynamic behavior of neuronal networks exposed to NP is easily conceivable using this technique.
I. INTRODUCTION
Nanomaterial based technologies are becoming ubiquitous in our everyday life. As well as all other technologies, NPtechnology will have benefits and also drawbacks. There are great expectations for their medical application: nanosized materials display a wide range of morphologies, sizes and surface features that assure potential use in drug delivery, diagnostics or therapy [1] . The special characteristics of several NPs are very promising, but the same properties can also possess eventual risks. Although research concerning nanotoxicology has already begun, there are still open (mechanistic) questions that have to be addressed. Recent investigations in biological systems show that the physical parameters of NPs can affect their nonspecific absorption in cells, with potential to induce cellular responses [2] . The existing studies provide limited information with regard to the cellular processes that are involved in cellular responses to NPs and their subsequent functional impact. The processes at the molecular scale in NP-membrane interaction, i.e., receptor binding, endocytosis and signalling activation allows us to appreciate how NPs of different material, geometry and size interact with cells. The investigation of those interactions will provide insight into cellular behavior of NPs [3, 4] . Concerning neurons, investigation of the electrophysiological behavior of excitable cells exposed to potentially toxic NPs is of great interest. Recent nanotoxicity reviews [5, 6, 7] found Ag-Nano as one of the most important and critical particles in organic tissue, especially in neurons. Zhuo Yang et. al. [8, 9, 10] tested the influences of CuO, ZnO, and Ag-Nano on hippocampal neurons by using the patch-clamp method. See [11] for a detailed description of this technique. They found effects of Ag-Nano on the amplitude and the time course of the sodium current (I N a ) in their experiments. The underlying mechanisms for the changed N a + -currents were not resolved. In this article, we try to identify possible accountable reasons for the electrophysiological effects of coated Ag-Nano on neuronal cells by inverting the cause-and-effect chain: Patchclamp recordings of chromaffin-cells were performed to evaluate the effects of coated Ag-Nano on the membrane currents. We used the Hodgkin-Huxley-model of dynamic changes in membrane conductance [12] and computationally fitted this model to our measured sodium-currents. We applied the Differential-Evolution-Algorithm (DE) [13] to fit the model to the data. Our future interest will be to investigate the influences of coated NPs of different materials on spiral ganglion cells of the central auditory pathway. Schick et al. evaluated the distribution and safety of Cy3-labeled Silica-NP in vivo, placed on the round window membrane of adult mice. 4 days after application, no cytotoxicity and no inflammation was detected by histological examination of the appropriate tissue. Auditory brainstem responses before and after the 4 days showed no significant differences. Fluorescent microscopy demonstrated SiO 2 -Nano signals in the spiral ganglion cells, inner hair cells, the dorsal cochlear nucleus and superior olivary complex. Their observation suggest a retrograde axonal transport for the applied NPs [14] . Based on those findings, we want to show the effects of the particles on single cells with the developed method. Our results can easily be scaled to neural networks and predict the influences of NPs on the activity of neuronal ensembles.
II. METHODS

A. Coated Silvernanoparticles
Ag-Nano were prepared through thermal decomposition of silver oleate in presence of oleylamine as stabilizer. By this method, hydrophobic particles with a mean particle size of 5nm ± 2nm were obtained. Phase transfer into the aqueous phase and stabilization was achieved by capping of the particles with an amphiphilic polymer as described by Pellegrino et. al. [15] . Particles were suspended in ultrapure water and filtered through a sterile 0.22µm membrane prior to use. The total silver content of the resulting nanoparticle dispersion was 1.3mM ol as determined by ICP-AES (Horiba Jobin Yvon), including a fraction of 0.4µM ol free Ag + . The type and concentration of the molecules and ions in the dilution medium change the hydrodynamic diameter of the coated particles via electrostatic interaction on the particles' surface. The mean hydrodynamic diameter of the particles was 13nm ± 2nm in pure water, 9nm ± 1nm in 10 x PBS buffer solution and 16nm ± 4nm in RPMI cell culture medium. Dynamic light scattering was performed using a Dyna Pro Titan instrument (Wyatt Technology) with a laser wavelength of 831nm. The zeta-potential (Zetasizer Nano, Malvern) of the particles was −69mV in pure water, but significantly reduced when dispersed in 10 x PBS buffer (-6mV) and RPMI medium (-16mV) because the solution ingredients bind to the negative charged particle surface.
B. Chromaffin Cell Preparation
Adrenal glands from 1-3-day-old mice were removed and digested with 20 units of papain (Worthington) for 25−30min at 37
• C. Following trituration, cells were plated on 25 mm cover glasses and placed in an incubator at 37
• C and 8% CO 2 . Cells were kept in culture medium (DMEM with GlutaMax, ITS-X and 100 U Penicillin/Streptomycin; Invitrogen) and used for recordings 24 − 48hr later.
C. Patch-Clamp Measurements
Conventional whole-cell recordings were performed with 36M Ω pipettes and an EPC-9 patch-clamp amplifier controlled by PULSE software (Heka Elektronik). Sodium current measurements were performed at a DC holding potential of −70mV at room temperature. Measurements from both Ag-Nano exposed and not Ag-Nano exposed cells were conducted: After recording 4 controls, the Ag-Nano solution was added to the extracellular medium in concentrations of 1/100 (13µM ol), 1/30 (43µM ol), 1/10 (130µM ol) or 1/1 (1.3mM ol) respectively. The extracellular solution (Hepes buffered saline solution) was used as diluent. Afterwards, the sodium currents of 3−5 cells were measured after application. The data of 38 Ag-Nano exposed chromaffin-cells and 60 controls was collected in our experiments.
D. HH fitting employing Differential Evolution Algorithm
The basic idea was to develop a computational model that fits the well established mathematical model of Hodgkin & Huxley [12] to our experimental patch-clamp data for identifying the coefficients in the HH-model that might have changed due to the impact of Ag-Nano. Because our focus in this study was on the change of the fast sodium current after depolarisation, only the sodium conductance was taken into account for the calculations. The basic HH-equations [16] are given by
for sodium ions at the experimental conditions of [12] with G N amax = 120 1 ms 
where
describes the steady state value of m and
describes the time constant in [s]. The expression of h is similar to Eq. 3 but with h replacing m. A voltage step initiates an exponential change in m resp. h from its initial value of m 0 or h 0 (at t = 0) toward the steady state value of m ∞ or h ∞ (at t = ∞). Lastly, the sodium current which has to be fitted by the DE-algorithm is then given by
where V N a [mV ] is the resulting Nernst-potential or reversal potential following the equation of Nernst, simplified for this case to
with ϕ i = intracellular and ϕ o = extracellular potential. Many practical problems have objective functions that are non-differentiable, non-continuous, non-linear, noisy, flat, multi-dimensional or have many local minima, constraints or stochasticity. Solving the inverse problem by fitting the steady-state HH-model to this data is now very difficult, since we have a high dimensional fit of 13 unknown parameters that have to be evaluated. The DE-algorithm can be utilized to find approximate solutions to such problems. DE originated from the genetic annealing algorithm and was introduced by Storn and Price in 1996. This approach delivers a global optimization method by stochastic, population-based optimization and was developed to optimize real parameters and real valued functions. The General problem formulation is:
For an objective function f : X ⊂ R D −→ R where the feasible region X ̸ = 0, the minimization problem is to find
A detailed description of the algorithm can be found in [13] . In our application the DE-algorithm is to minimize the distance between the measured sodium current and the one calculated by our model. The parameters for the best fit are evaluated as a consequence. The 13 free parameters that we determined for the matching are all the empirical coefficients in Eq. 1-6 that were estimated by Hodgkin & Huxley in their experiments in 1952. The following formulas are indicating those by ξ.1 − 13 :
and finally the timepoint of the depolarization t stim as ξ. 13 . The DE-fittings to these curves were committed on an 2.40GHz, 31.9GB RAM computer.
III. RESULTS AND DISCUSSION
First effects of Ag-Nano on chromaffin-cells were identified during the patch-clamp measurements: The amplitude of the sodium-current was decreased after the application of AgNano at different concentrations in contrast to the controls. Those observations were most obviously detected at a AgNano concentration of 1/10. Table I points out some statistical values of our patch-clamp experiments.
The attenuation of the amplitude occured within 30 sec. after Ag-Nano application and was then measured in 3-5 other cells of the affected dish. These findings could be observed in 36 of 38 experiments. Five representative I N a curves after application of NPs and their corresponding controls were selected for the fitting procedure. The experimental data was preprocessed by a cubic smoothing spline interpolation to have consistent vector length and reduced noise. The continuous lines in Fig. 1 show the recorded sodium currents of a representative measurement.
Here the gray line marks the I N a of the control and the black line signs the I N a after Ag-Nano (1/10) exposure. The dashed lines in Fig. 1 show the fitted curves to the measured curves. The main interest was now on the 13 resulting free coefficients of Eq. 8 and 9. Analyzing the results of 10 simulations, i.e. comparing the parameters that changed due to the addition of NPs, we identified the most conspicuous coefficients: However, this assumes additionally to incorporate the dynamical behavior of each parameter. We thus determined ξ.1, 2, 6, 7, 8, 9, 10 & 12 as responsible for the new pattern of I N a . The differences of the subsequent changes in Eq. 8 and 9 between the control and the exposed to NP is designated in fig. 2 as mean values over all fittings. Regarding Eq. 8 and 9, the altered parameters are components of the transfer rate coefficients α h , α m , β m and of V N a . We could test those findings by fitting the model to the I N a -curves by just those parameters. Fig. 3 depicts this for a representative fitting.
Based on our findings, we suggest that the Ag-Nano are affecting the electrically charged h-particles by the alteration to the non-inactivating (towards open) state at changed transfer rate coefficient α h . Additionally, the m-particles are influenced by the transition to the opened and closed state as α m plus β m is shifted. One consequence could be that Ag-Nano affects the voltage sensors on the cell membrane. This would lead to a changed voltage-sensitivity of the affected channel. An apparent voltage on the membrane would result in an apparent depolarization and this influences the activation of channels. However, the voltage sensors on the cell-membrane seem not being affected by the presence of Ag-Nano since the inhibition was constant after stepwise increased depolarization (ramp-protocol). This deals to the conclusion that Ag-Nano may drive to mainly mechanical effects on the ion-channels: The channel conductivity is decreased or less channels are proceeding to open state. Ag-Nano may disable N a + channels without blocking them. The observed decrease of the Nernstvoltage V N a might be detected due to decreased intracellular sodium-ions concentration because of diminished N a + influx after particle addition and depolarization. An interaction of NPs with the reference-electrode or the presence of a relevant concentration of free Ag-Ions may not be hypothesized since the resting membrane potential did not change after NP addition.
In conclusion, we present a methodology for identifying relevant coefficients of the HH-model that provide first suggestions about the ongoing processes on the molecular scale in NP-membrane interactions by fitting the HH-model to patchclamp data. The most relevant parameters were identified as α h , α m , β m as well as V N a . Future work will include to upscale our model to a neural network and predict the influences of NPs on network dynamics.
